Introduction
============

What do flu, acne, frostbite, atherosclerosis, multiple sclerosis, depression, and cancer have in common? These disorders all involve a more or less pronounced inflammatory reaction. Inflammation is the group of actions rapidly set up by the vascularized tissues following any type of aggression or injury. This immediate innate immune response involves a set of dynamic and highly regulated defense mechanisms, whose objectives are, first, to recognize and to eliminate the causal agent, then to repair and to regenerate the damaged tissue.[@b1-ijn-13-5511] The cardinal clinical signs of inflammation are: redness (rubor), swelling (tumor), heat (calor), and pain (dolor). Redness and heat are due to local vasodilatation, whose role is to increase blood flow in order to recruit circulating leukocytes and plasma proteins. The swelling is triggered by the diffusion of plasma water into the tissue, this edema in turn compresses the nerves and causes pain. Signals recognized as a danger are either: exogenous: an infectious microorganism, a physical aggression (trauma, heat, cold,...), a chemical agent (toxins, venoms,...), an inert foreign substance, orendogenous: a defect of vascularization (secondary inflammation to ischemia-induced necrosis), a dysimmune aggression (allergy, auto-immunity) or a modified self-protein.

The cellular and molecular responses induced after this recognition step are called acute inflammation. It is short-lived (days to weeks), well-orchestrated and, whatever the triggering agent and/or the tissue damaged, its course is similar and involves intense vasculo-exudative mechanisms. This acute inflammatory process consists of a highly coordinated sequence of events: 1) the recruitment of blood leukocytes and plasma proteins; 2) the production by effectors cells of a huge number of inflammatory mediators in order to neutralize and to wipe out the triggering element and finally; 3) the resolution phase which allows healing and repair necessary to restore homeostasis and tissue function.[@b2-ijn-13-5511] Of note, the resolution step is not a passive phenomenon. On the contrary, this inflammation end-process is also complex and highly regulated.[@b3-ijn-13-5511] In case of infection, the inflammation further supports the onset and development of an adaptive immune response, necessary to induce immune memory that will allow a faster reply during the next infection.[@b4-ijn-13-5511] Acute inflammation is therefore a beneficial protective process that ensures the maintenance of integrity and homeostasis of the body. Nevertheless, in addition to this clearly valuable role, inflammation, like the roman god Janus, offers, if deregulated, a second more devious and detrimental face. This can be explained by the fact that, in order to eliminate the triggering factor, the inflammatory effector cells produce huge amounts of molecular mediators (in particular, inflammatory cytokines, proteases and reactive species of oxygen and nitrogen). Although necessary, these compounds can become toxic and induce damages if they are produced in too high quantity or for too long. Thus, when the inflammatory process persists over time (months to years) and is self-sustained then it becomes chronic, harmful, and even pathogenic. The reasons why inflammation becomes chronic have not yet been fully elucidated but several hypotheses have been put forward: the persistence of the triggering agent, a poor quantitative or qualitative regulation of the effector cells, auto-immunity or a defect in the resolution phase. Anyway, it is now clearly established that chronic inflammation contributes to the etiology of a myriad of pathologies, such as cancer, metabolic diseases, inflammatory bowel diseases, cardiovascular diseases, neurological diseases, and autoimmune diseases. These chronic inflammatory diseases are a group of painful, sometimes debilitating, pathologies. They have a major impact on the patients' quality of life and create both societal and economic burden. They are an outstanding and alarming global health problem, especially because their prevalence keeps growing both in industrialized and developing countries. It should be noted that the strength of inflammation does not need to be sustained to generate damage. Indeed, it is now established that low-grade inflammation (called meta-inflammation) is also at the root of many disorders.[@b5-ijn-13-5511]--[@b7-ijn-13-5511] This is a critical point since this low-grade inflammation is induced, among other things, by obesity,[@b8-ijn-13-5511] which is a global scourge affecting more than 650 million adults and 340 million children/teens worldwide.[@b75-ijn-13-5511]

Among all the cellular components involved in the inflammatory reaction, monocytes/macrophages are the master regulators of inflammation. Indeed, these innate immune cells are found in all tissues and, due to their versatility property, are nearly the only cells capable of performing each steps of the acute inflammation listed above.[@b1-ijn-13-5511] Monocytes, which arose from a myeloid hematopoietic progenitor of the bone marrow, are mononuclear phagocytes of the innate immune system that account for around 4% and 10% of nucleated peripheral blood cells in mice and humans respectively. They are divided into circulating and marginating pools (in the spleen and lungs), the latter being mobilized when needed, for instance in case of inflammation.[@b9-ijn-13-5511] The marginal pool, defined as the fraction of cells interacting with the endothelium, would include up to 60% of the peripheral reservoir of monocytes.[@b10-ijn-13-5511] Macrophages are the tissue counterparts of circulating monocytes. Although historically known mainly for their phagocytic and immune functions, it is now recognized that these cells also play a major role in tissue development, remodeling and homeostasis.[@b11-ijn-13-5511],[@b12-ijn-13-5511] Macrophages are highly plastic cells, perhaps the most versatile of the human body. They tailor their phenotype according to the microenvironment. Each cue identified induces a specific program of activation, called polarization, which results in a signal-specific functionality, and thereby, gives rise to an adapted and efficient immunological response. This functional diversity makes macrophages essential cells for the immune reactions. In the time course of inflammatory reaction, the main source of macrophages at the site of injury is circulating monocytes, which, once on site, differentiate into macrophages ([Figure 1](#f1-ijn-13-5511){ref-type="fig"}).[@b13-ijn-13-5511] As soon as a danger signal is detected and in response to a chemotactic gradient (mainly the chemokine CCL2), monocytes migrate from the blood to the injured site. These infiltrating monocytes are CD14^++^/CD16^−^ in humans, and Ly6C^high^/CCR2^high^/CX3CR1-low in mice.[@b14-ijn-13-5511]--[@b16-ijn-13-5511] They adhere to the vascular endothelium through adhesion molecules (selectins, cadherins, and integrins), enter the tissue by diapedesis, and once on site, they differentiate into inflammatory macrophages (the so-called "monocyte-derived macrophages"), ie, the effector cells of the defense response, strictly speaking.[@b17-ijn-13-5511] Macrophages express several types of receptors that allow them to react to their environment: cytokine receptors (CSF-1R, IFNγR, IL-4R,...), phagocytic receptors (CD36, Fcγ receptors, MARCO, CD206,...)[@b18-ijn-13-5511] and, above all, innate immune receptors (pattern recognition receptor, PRR).[@b19-ijn-13-5511] These extra- or intracellular highly conserved receptors recognize both exogenous danger signals, ie, the molecular patterns associated with pathogens (PAMPs: pathogen-associated molecular patterns), and endogenous ones, ie, the tissue damage-associated molecules, also called alarmins (DAMPs: damage-associated molecular patterns). To name a few, the lipopolysaccharide (LPS), a component of the bacterial membrane, and the microbial nucleic acids belong to the group of PAMPs while the alarmins IL-33, HSP (heat shock protein), HMGB1 (high-motility group box 1) protein, and the S100 proteins family (all produced as a result of non-programmed cell death or tissue injury) belong to the group of DAMPs. The binding of these danger signals to the PRR activates numerous intracellular signaling pathways, which lead to the development of a specific pro-inflammatory activation program, setting up effector functions ensuring an efficient inflammatory response. This phenotype is characterized by 1) a high expression of antigen presenting and costimulatory molecules (HLA-DR, HLA-ABC, CD80, CD86,...); 2) the production of inflammatory mediators such as reactive oxygen species (ROS) (including superoxide anion O~2~·^−^), nitric oxide (NO), and inflammatory cytokines and chemokines (TNFα, IL1-β, IL-12, CXCL9, CXCL10, CCL2,...); and 3) a significant pro-inflammatory activity, which can be microbicide or anti-tumoral. However, macrophages are also strongly involved in the last phase of the inflammatory process: the resolution and repair step. To antagonize the pro-inflammatory function, macrophages then adopt an anti-inflammatory and immuno-regulatory phenotype. This pro-resolving phenotype is defined by 1) the expression of several markers, such as the mannose receptor (CD206), the antagonist to the IL-1 receptor (IL-1 RA), Ym1 and Fizz1; 2) the production of anti-inflammatory cytokines and chemokines (IL-10, TGF-β, CCL18, CCL22, CCL24,...) and pro-resolving lipid mediators such as maresins, protectins and resolvins;[@b3-ijn-13-5511],[@b20-ijn-13-5511] and 3) a shift in the metabolism of [l]{.smallcaps}-arginine which is catabolized by arginase 1, instead of iNOS, to synthetize [l]{.smallcaps}-ornithine and proline (the latter being involved in tissue repair), rather than NO. Thus these immuno-regulatory macrophages dampen inflammation and favor resolution and wound healing. The induction of these different phenotypes can be mimicked in vitro. The inflammatory phenotype is elicited by Th1 cytokines, such as IFN-γ, with or without LPS.[@b21-ijn-13-5511] This is called classical activation or M1 polarization. Conversely, the anti-inflammatory phenotype is induced, inter alia, by stimulation with Th2 cytokines such as IL-4.[@b22-ijn-13-5511] This alternative or M2 polarization encompasses, in fact, several phenotypes that share the immuno-regulation feature. It is important to emphasize that this old vision of a dichotomous M1/M2 activation model[@b23-ijn-13-5511],[@b24-ijn-13-5511] is definitely inaccurate, in light of the recent high-resolution and high-dimensional studies[@b25-ijn-13-5511]--[@b27-ijn-13-5511] and because this model does not capture the complexity of microenvironmental stimuli. Nevertheless, this denomination allows us to understand the link between activation, phenotype, and functionality of the different subsets of macrophages. The scientific community has now agreed to apply a stimulus-specific nomenclature for in vitro and ex vivo studies.[@b28-ijn-13-5511]

The valency of an entity, either a chemical or a biological one, is the number of separate specific connections that this entity can engage with other entities through the so-called ligand--receptor interaction. Consequently, multivalent ligand--receptor interactions (ie, multivalency) are characterized by the simultaneous binding of multiple ligands (at least two) on one entity to multiple receptors on another. Multivalency is a common concept in biology and is very familiar to biologists. Indeed, a lot of biological processes occur through multivalent interactions: antigen--antibody interactions, transcription factors-DNA binding, virus- and bacterium-cell binding, cell--cell cross-talk and signaling.[@b29-ijn-13-5511] In fact, multivalency has a lot of biological, biochemical, and biophysical features that monovalency has not. The strength of a single cognate interaction between a ligand and a receptor is called "affinity." Natural ligands with multiple receptor binding sites (multivalent ligands) or multivalent engineered nano-devices interact through polyvalent interactions with their partner receptors. The strength of these polyvalent cognate interactions is called "avidity" (also "functional affinity") and is much higher than the simple sum of the strengths of the single interactions. Therefore, from monovalent to oligovalent and then multivalent ligands, there is a strong enhancement in the intensity and duration of the stimulating signal which is delivered to a cell through a ligand--receptor interaction. In nature, the principle of multivalent ligands allows either the reinforcement of a monovalent activator signal already sufficient to induce a biological response by itself, or to overcome a low binding affinity with the specific receptor(s). The multivalent complexes of major histocompatibility complex (MHC) molecules associated with antigenic peptides allowing the transduction of an activating signal in T lymphocytes are examples of the first case.[@b30-ijn-13-5511] The oligosaccharides, generally conjugated to other families of biomolecules, which will use the advantages of multivalence to bind to their protein receptor(s) and trigger a biological response are rather examples of the second case.[@b31-ijn-13-5511]

Multivalent ligands are potent inhibitors or effectors of biological processes.[@b32-ijn-13-5511] Beyond the avidity parameter of such entities, their ability to cluster receptors leading to signal transduction, and therefore to a biological outcome, is another unique feature thereof.[@b33-ijn-13-5511] Recently, it has been shown how nanoparticles (NPs) derived from active biological compounds allow the aggregation of membrane receptors, leading to the control of the physiology of stem cells in vitro and in vivo.[@b34-ijn-13-5511] For theorists, researchers have used cell-free systems to understand fundamentally the molecular processes involved in receptor aggregation phenomena by multivalent ligands.[@b35-ijn-13-5511],[@b36-ijn-13-5511]

Displaying ligands in multicopy at the surface of a given structure generally implies the implementation of nanosized objects. Indeed, several types of nano-architectures can be reliably prepared, with sizes spanning from that of small proteins, like insulin, to that of viruses. Today, nanosystems can be rationally engineered with predictable, controlled, and tunable properties dedicated to specific applications, including biomedical ones. We have recently written about NPs, tracing back a scientific perspective since the famous lecture of Pr Richard P. Feynman entitled *There's Plenty of Room at the Bottom* in 1959 to the advent of nanotechnology in the 1990s.[@b37-ijn-13-5511] Engineered nanosystems (ENSs) include polymers and dendrimers, organic and metallic NPs, micellar and liposomal supramolecular assemblies.[@b38-ijn-13-5511] Thanks to the wide variety of PRRs they express, monocytes and macrophages are prompted to detect, to scan, and eventually to engulf any ENS cruising in their environment. Therefore they are a relevant target for biomedical applications based on ENSs.[@b39-ijn-13-5511]

Engineered nanosystems rationally designed to target monocytes/macrophages
==========================================================================

As evoked above, carbohydrate moieties of biomolecules are the paradigm of ligands of which low affinity is naturally overcome by multivalency,[@b31-ijn-13-5511] and carbohydrate receptors such as C-type lectins are promising targets to modulate immune responses with multivalent carbohydrate.[@b40-ijn-13-5511] One of these C-type lectin receptors, the mannose receptor (CD206), is highly expressed on macrophages, including pro-inflammatory M1 macrophages. Therefore, a lot of studies have engineered mannose-functionalized nanosystems to efficiently target macrophages. These ENSs are intended as drug carriers and delivery systems ([Table 1](#t1-ijn-13-5511){ref-type="table"}).

Mannosylated solid lipid nanoparticles (SLNs) to target alveolar macrophages
----------------------------------------------------------------------------

SLNs based on different solid lipids commonly used for pulmonary drug delivery have been designed for targeting alveolar macrophages.[@b41-ijn-13-5511] These SLNs have been reinforced with a low percentage of stearylamine. The primary amine groups of the latter were used to covalently bind mannose moieties and to obtain mannosylated SLNs. In this preliminary study, only the non-mannosylated SLNs have been loaded with isoniazid, an antibiotic used to fight against tuberculosis. The authors have shown that incorporating isoniazid in SLNs decreases its intrinsic toxicity toward epithelial cells and macrophages. They have also shown that the multivalent capping of SLNs with mannose significantly enhances the uptake of the ENSs by macrophages. In vivo studies are ongoing to proof the efficacy of these ENSs against tuberculosis in mice by targeting alveolar macrophages infected by *Mycobacterium tuberculosis*.

Mannosylated thiolated chitosan and chitosan-polyethyleneimine NPs to enhance infected macrophage uptake
--------------------------------------------------------------------------------------------------------

Compounds containing antimony (such as meglumine-antimoniate, the so-called glucantime) are used to fight against leishmaniasis. *Leishmania* protozoa are inoculated in humans by sandflies during their blood meals. These parasites infect macrophages to differentiate and to undergo multiplication. However, the therapeutic efficacy of these compounds is dampened due to the development of resistance mechanisms by the parasites, such as an increased activity of the P-gp efflux pump. Thiolated NPs of chitosan and chitosan-polyethyleneimine have been designed to inhibit both the trypanothione reductase and the P-gp efflux pump.[@b42-ijn-13-5511] The trypanothione reductase is responsible for the synthesis of trypanothione, an essential glutathione-derived anti-oxidant molecule which is specific to some parasites, including *Leishmania*. Efflux pumps are responsible for the expulsion of drugs once they have been internalized by the targeted cells. The thiolated NPs loaded with glucantime were further capped with mannose residues to enhance their uptake by macrophages. Indeed, the authors have shown that the uptake of glucantime by macrophages through phagocytosis of thiolated ENSs is increased by 18.9- (for chitosan-based NP) and 33.7-fold (for chitosan-polyethyleneimine-based one), as compared with free glucantime. On the whole, and according to their enhanced uptake by infected macrophages, the anti-leishmanial activity of these chitosan-containing ENSs in vitro is increased by 7.4- (for chitosan-based NPs) and 14.4-fold (for chitosan-polyethyleneimine based ones), as compared with free glucantime.

N-acetyl-mannosylated gold NPs to elicit the activation of macrophages
----------------------------------------------------------------------

In the same way that lipid-based and chitosan-based NPs, metallic NPs can be functionalized with saccharides. Gold NPs have been coated with non-immunoactive mono- and disaccharides based on synthetic N-acetyl-mannose residues, modeled after the capsular polysaccharide of the bacterium *Neisseria meningitidis*.[@b43-ijn-13-5511] The glyco-gold NPs are taken up by both a mouse cell line of macrophages and primary human monocytes, and elicit the activation thereof. In particular, these metallic ENSs increase the antigen presenting capabilities of human primary monocytes, leading to the subsequent activation of autologous adaptive immune cells such as CD4^+^ T lymphocytes (proliferation, secretion of IL-2) in co-cultures. In this study, the importance of multivalency to induce the immuno-activation of monocytes is clearly evidenced as monovalent, non-conjugated mono- and disaccharides are not immuno-active. Moreover, authors have shown that the largest 5 nm gold NP (ie, with enhanced multivalency) perform far better than the smallest 2 nm ones.[@b43-ijn-13-5511] However, due to renal clearance issues, a gold core of 5 nm in diameter is the largest that can be used in human health.

Mannosylated polyamidoamine (PAMAM) dendrimers as drug carriers to target inflammatory macrophages in atherosclerotic plaques
-----------------------------------------------------------------------------------------------------------------------------

Dendrimers and dendrons are soft matter NPs that have turned out to be very attractive to biologists promptly after their pioneering synthesis.[@b44-ijn-13-5511] They are multivalent hyper-branched (arborescent) non-linear polymers whose synthesis affords isomolecular batches of perfectly defined molecules. They are built from a core on which successive series of branches are linked according to iterative reactions. At each step of the dendritic synthesis, the presence of a point of divergence at the end of each branch enables the grafting of a number of branches equal to two or three times the number of branches at the previous step.[@b44-ijn-13-5511] Therefore, dendrimers and dendrons are arborescent molecules. The number of series of branches determines the generation of the dendrimer (ie, a dendrimer bearing one series of branches is a generation one dendrimer, a dendrimer bearing two series of branches is a generation two dendrimer, and so on). The synthesis ends by the grafting of the desired surface functions which will be eventually displayed in multicopy. Primarily, dendrimers have been envisaged as drug carriers and vectors. Like several other NPs reviewed above, the commercially available polyamidoamine (PAMAM) dendrimers have been functionalized with mannose residues to target macrophages in atherosclerotic plaques.[@b45-ijn-13-5511] Indeed, resident macrophages of these plaques are regulators of both the progression and the stability thereof. The aim of the study was to efficiently address anti-inflammatory ligands of the liver-x-receptor (LXR) to macrophages of atherosclerotic plaques as the systemic administration of these anti-inflammatory compounds precludes their therapeutic efficacy through hepatic uptake. Both mannose residues and LXR ligands have been covalently bound to the terminal amine groups of the PAMAM dendritic scaffold. When administered intravenously to mouse models of atherosclerosis, the ENSs are significantly accumulated in atherosclerotic plaque-associated macrophages. After four weekly injections, the progression and necrosis as well as the inflammation of plaques (assessed by the expression of genes targeted by the pro-inflammatory nuclear factor κB) are significantly decreased.

Simian virus (SV) 40-like NP expressing targeting and drug peptides to target inflammatory macrophages in atherosclerotic plaques
---------------------------------------------------------------------------------------------------------------------------------

Saccharide residues such as mannose are not the only moieties used to rationally design ENSs expected to target macrophages. Peptides can be targeting moieties when incorporated in ENSs, as illustrated in the two next articles that we have chosen for this review. In the first one,[@b46-ijn-13-5511] the authors have designed a multifunctional virus-like NP of SV40. This smart ENS expresses a peptide that specifically targets macrophages. This peptide has been genetically inserted in a viral protein used to prepare the ENS. An anticoagulant peptide drug (hirulog, a thrombin inhibitor) has been genetically fused at the N-terminus of the same viral protein. Once produced and purified, the fusion proteins undergo self-assembly in 12 pentamers packaging one single near infra-red quantum dot (fluorescent probe). This trifunctional ENS (targeting peptide, therapeutic peptide, fluorescent probe) has been shown to target and to image macrophages in atherosclerotic plaques in diseased mice. Moreover, the therapeutic peptide hirulog inserted in the viral protein retains its anti-thrombin activity.

Phospholipid-based and PEGylated NP expressing targeting peptides and carrying siRNA to suppress tumor-associated macrophages (TAMs)
------------------------------------------------------------------------------------------------------------------------------------

In the second article, the authors implemented an immunotherapy approach against cancer by targeting TAMs. TAMs are resident, M2-like polarized macrophages of the tumor micro-environment. As such, they generate an immuno-suppressive background within the tumor, promoting thereby the growth of the latter. Indeed, they secrete immuno-suppressive mediators leading to the inhibition of cytotoxic infiltrating CD8^+^ T lymphocytes which are like disarmed anti-tumor soldiers. Therefore, TAMs are relevant therapeutic targets to fight against cancer. The aim of the study was to inhibit the TAMs, or even to deplete them from the tumor. Nevertheless, it is challenging to specifically address therapeutics to TAMs. For instance, it has been shown that NPs modified with mannose at their surface could target TAMs.[@b47-ijn-13-5511] However, such mannose-capped NPs can also bind dendritic cells and even tumor cells. More recently it has been proposed to tackle the challenge of specifically targeting TAMs using a new ENS: the M2-like TAM dual-targeting NP (M2NP).[@b48-ijn-13-5511] M2NP has structure and function controlled by both a peptide that targets the scavenger receptor B type 1 (SR-B1) and a peptide that has higher specificity to M2 polarized macrophages than to any other leukocyte.[@b49-ijn-13-5511] These two peptides have been fused in one single entity and incorporated in phospholipid based, PEGylated NPs. These ENSs were further loaded with anti-colony stimulating factor-1 receptor (anti-CSF-1R) small interfering (si)-RNA. The CSF-1/CSF-1R pathway is crucial for the differentiation and survival of TAMs, and CSF-1R is restrictively expressed by TAMs in the area of the tumor. Therefore, the anti-CSF-1R siRNA is a promising drug to inhibit the deleterious activity of TAMs. When administered to tumor-bearing mice, the M2NP reaches the expectations of the authors. First of all, M2NP has higher affinity to TAMs than to resident macrophages in liver, spleen, and lungs. Then, mice treated with siRNA-loaded M2NP showed a dramatic decrease of TAMs (52%), with an inhibition of the production of the immuno-suppressive interleukin-10 (IL-10) and tumor growth factor β (TGF-β) within the tumor. On the contrary, the production of immuno-stimulatory cytokines (IL-12 and IFN-γ) and the infiltration of anti-tumor CD8^+^ T lymphocytes are enhanced. As a consequence, the size of the tumor is dramatically decreased (87%), and the survival of treated animals is significantly prolonged.

Adamantane-based dendrons capped with ibuprofen to reverse inflammatory activation of peritoneal macrophages
------------------------------------------------------------------------------------------------------------

The fact that dendrimers and dendrons display multivalency by essence (see above) has been also harnessed to enhance the anti-inflammatory activity of drugs. Authors have grafted ibuprofen at the surface of adamantane-based dendrons (HYDRAmers).[@b50-ijn-13-5511] Two HYDRAmers have been prepared: the generation 1 HYDRAmer that bears three ibuprofen moieties, and the generation 2 that bears nine ibuprofen moieties. In vitro assessment of the anti-inflammatory potential of the two dendritic ENSs has been performed with concentrations guaranteeing the incubation of cells with equal amounts of free (control) or conjugated ibuprofen. Two types of mouse macrophages have been used in this study: a cell line and primary peritoneal macrophages. Prior to exposure to free or to dendrimer-conjugated ibuprofen, macrophages were pre-stimulated with lipopolysaccharide (LPS), a pro-inflammatory bacterial compound. Analysis of the production of inflammatory cytokines (TNF-α and IL-6) by the treated macrophages shows that the two ibuprofen-HYDRAmers are more effective than free ibuprofen. Moreover, higher multivalency of the generation 2 ibuprofen-HYDRAmer allows a higher anti-inflammatory potential when compared to the generation 1 competitor. Although this proof of concept is encouraging regarding therapeutic applications of multivalent ENSs, however, it has to be mentioned that the ibuprofen-HYDRAmers exhibit enhanced cytotoxicity on macrophages when compared to the one of free ibuprofen.

Phosphorus-based dendrimers capped with azabisphosphonates to target monocytes to treat mouse inflammatory diseases
-------------------------------------------------------------------------------------------------------------------

In some scarce cases, dendrimers have shown therapeutic effects by themselves, without any drug cargo or bound drug. In particular, several families of dendrimers have intrinsic anti-inflammatory properties, throughout different mechanisms of action.[@b44-ijn-13-5511],[@b51-ijn-13-5511] Among them, phosphorus-based dendrimers, also called polyphosphorhydrazone (PPH) dendrimers, are naturally targeting human monocytes when they bear anionic azabisphosphonate (ABP) groups at their surface.[@b52-ijn-13-5511] Once internalized by monocytes, the generation 1 PPH dendrimer capped with 12 ABP groups triggers a M2-like anti-inflammatory activation of monocytes.[@b53-ijn-13-5511] This unique dendrimer has shown therapeutic efficacy in mouse models of chronic inflammatory diseases of auto-immune origin such as experimental arthritis (relevant to human rheumatoid arthritis)[@b54-ijn-13-5511] and experimental auto-immune encephalomyelitis (EAE, relevant to human multiple sclerosis).[@b55-ijn-13-5511] In both cases, monocytes and macrophages activated by the PPH dendrimer are involved in the resolution of the inflammatory disorder in cooperation with other immune cells.[@b56-ijn-13-5511] Besides these preclinical studies of the therapeutic efficacy of the PPH dendrimer, we have shown that ABP groups are crucial for the bioactivity of the molecule, insofar as analog dendrimers capped with the same number of isosteric functions of the ABP groups (such as sulfonate and carboxylate groups) are inactive.[@b57-ijn-13-5511],[@b58-ijn-13-5511] We have also shown that maximization of multivalency occurs in the active PPH dendrimer through the three-dimensional directionality of the molecule[@b59-ijn-13-5511] and a low flexibility of the phosphonate clusters at its surface.[@b60-ijn-13-5511] Nevertheless, the specific receptors of the molecule at the surface of monocytes have to be uncovered.

Poly-carboxylated NPs to derail monocytes to the spleen to treat mouse inflammatory diseases
--------------------------------------------------------------------------------------------

Other anionic NPs have shown tropism toward macrophages. These are polystyrene (PS), nano-diamond (ND), and poly(lactic-co-glycolic acid) (PLGA) NPs.[@b61-ijn-13-5511] When they are highly negatively charged with carboxylate functions, these ENSs have immuno-modulatory functions in vivo in several unrelated mouse models of inflammatory disorders. They are qualified as "immune-modifying microparticles" (IMPs) despite their size being around 500 nm. These poly-anionic IMPs are recognized and taken up by circulating inflammatory monocytes through a scavenger receptor, the macrophage receptor with collagenous structure (MARCO). This receptor-mediated up-take reduces the migration of inflammatory monocytes to the sites of inflammation. The cells are rather redirected to the spleen where they die by caspase 3-mediated apoptosis. The availability of clinical-grade PLGA should foster the rapid clinical translation of this innovative concept of derailing monocytes with fatal outcome.[@b62-ijn-13-5511]

Conclusion
==========

Macrophages are present in most, if not all, organs of the human body, where they assume a myriad of functions ranging from defense mechanisms to development and maintenance of tissue homeostasis, wound healing, repair and remodeling following an injury.[@b11-ijn-13-5511],[@b12-ijn-13-5511] In addition, these cells are involved in a broad spectrum of pathologies. De facto, they represent a relevant therapeutic target. Nevertheless, winning a battle requires a thorough knowledge of one's enemy. Accordingly, the manipulation of monocytes/macrophages for therapeutic purposes requires, beforehand, an accurate knowledge of the biology of these cells. The latter has evolved tremendously in recent years, leading to an unprecedented paradigm shift. Indeed, the dogma that tissue macrophages were perpetually renewed from circulating monocytes,[@b63-ijn-13-5511],[@b64-ijn-13-5511] derived from bone marrow progenitors, has had its day but is now clearly over. Thanks to the advent of new technologies, and in particular those of fate-mapping, it is now established that the great majority of tissue-resident macrophages have an embryonic origin. They are seeded before birth, during embryonic development and, in steady-state, they maintain themselves by self-renewal during adulthood, independently of an influx of circulating monocytes.[@b65-ijn-13-5511]--[@b68-ijn-13-5511] The study of the ontogeny of macrophages is still in progress, but in light of recent work, several scenarios stand out[@b69-ijn-13-5511]--[@b71-ijn-13-5511] ([Table 2](#t2-ijn-13-5511){ref-type="table"}): tissues in which the resident macrophages have only an embryonic origin. They originate from a progenitor either 1) in the yolk sac: cerebral parenchyma of the brain; or 2) in the fetal liver (primitive hematopoiesis): liver, lungs, spleen and kidneys; or 3) a mixture of both: epidermis,tissues in which the resident macrophages have a dual origin, embryonic (primitive hematopoiesis in the fetal liver) and adult (definitive hematopoiesis in the bone marrow): liver and pancreas,tissues in which the resident macrophages come solely from bone marrow myeloid progenitors derived from the adult hematopoiesis: intestine and dermis.

Hence, the majority of the resident macrophages comes from embryonic progenitors, with an exception made during pathophysiological episodes, such as under inflammatory conditions, where some particular infiltrating monocytes (Ly6C^high^/CCR2^high^/CX3CR1^low^) give rise to monocyte-derived macrophages. Nonetheless, one should kept in mind that these studies were carried out in the mouse and that the transferability of the discoveries to humans is only presumed. Another bottom line element is the knowledge of the functions of macrophages within tissues, both in a healthy and pathological context. Furthermore, although they may be ontogenetically identical, resident macrophages of distinct tissues, have significant differences, both in terms of gene expression profile, expressed markers, and/or assured functions.[@b11-ijn-13-5511],[@b12-ijn-13-5511],[@b72-ijn-13-5511],[@b73-ijn-13-5511]

Our vision of the world of innate immune cells has dramatically changed: we must now consider macrophages as a heterogeneous population, both in terms of ontogeny, functionality and involvement in diseases. With these new insights into the biology of monocytes/macrophages brought about by the rise of brand-new advanced technologies, we can now rationally target these cells when they have undergone a deleterious pathway of activation or exploit their therapeutic potential. As reviewed herein, multivalent ENSs are relevant and promising therapeutic tools to modulate the immuno-activation of macrophages. Nevertheless, the up-coming challenge to tackle is the specific targeting of the different subsets of macrophages, differently involved in inflammatory diseases and disorders. Undoubtedly, thanks to their tunable and versatile properties, ENSs are the appropriate tools to reach this objective.[@b74-ijn-13-5511] However, the long-term toxicity of ENSs has to be evaluated: general toxicity, neuro-toxicity, and immuno-toxicity in humans as well as environmental toxicity.[@b37-ijn-13-5511]
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![The inflammatory response.\
**Notes:** (**A**) Physiological acute inflammatory process. The detection of PAMPs or DAMPs triggers the inflammatory response. Thus, some circulating monocytes are recruited at the inflammatory site and resident macrophages are also requisitioned. This defense response, when it consists of an inflammatory phase and then of a resolution step is beneficial. (**B**) Pathological chronic inflammation. When the inflammatory phase persists in time and is self-maintained, it becomes chronic and paves the way to many chronic inflammatory disorders.\
**Abbreviations:** PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; mΦ, macrophage; ROS, reactive oxygen species; NO, nitric oxide.](ijn-13-5511Fig1){#f1-ijn-13-5511}
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Compilation of the studies selected for the current review

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  ENS type/customization                                                                               Physicochemical features                                Main functions/drug compound                                       Targeted mΦ                           Reference
  ---------------------------------------------------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------- ----------------------------------------
  Solid lipid NP with low % of stearylamine/mannose                                                    Size: ≈ 500 nm\                                         Drug carrier and delivery system/isoniazid\                        Alveolar mΦ                           [@b41-ijn-13-5511]
                                                                                                       ζ potential: +27 to +39 mV                              Tested in vitro for mΦ uptake                                                                            

  Thiolated CS-based and CS-polyethylenimine-based NPs/mannose                                         Size: ≈ 300 nm\                                         Drug carrier and delivery system/glucantime (antimonial drug)\     Human mΦ infected with *Leishmania*   [@b42-ijn-13-5511]
                                                                                                       ζ potential: +23 mV                                     Tested in vitro for mΦ uptake and anti-leishmanial activity                                              

  Gold NP/N-acetyl-mannose                                                                             Size: 6.5 and 9.5 nm\                                   The ENS by itself is immuno-activating\                            Monocytes of the peripheral blood     [@b43-ijn-13-5511]
                                                                                                       ζ potential: ≈ −30 mV                                   Tested in vitro for the activation of monocytes                                                          

  Fifth generation polyamidoamine dendrimers/mannose                                                   Size: ≈ 7 nm\                                           Drug carrier and delivery system/anti- inflammatory LXR ligands\   mΦ of atherosclerotic plaques         [@b45-ijn-13-5511]
                                                                                                       ζ potential: ≈ +7 mV                                    Tested in vivo in mouse model of atherosclerosis                                                         

  Simian virus 40-like NP/peptides (including the anti- coagulant hirulog peptide)                                                                             The ENS by itself is anti-coagulant\                               mΦ of atherosclerotic plaques         [@b46-ijn-13-5511]
                                                                                                                                                               Tested in vivo in a mouse model of atherosclerosis                                                       

  Phospholipid-based and PEGylated NPs/peptides                                                        Size: ≈30 nm                                            Drug carrier and delivery system/siRNA against CSF-1R\             Tumor-associated mΦ (TAM)             [@b48-ijn-13-5511]
                                                                                                                                                               Tested in vivo in a tumor xenograft mouse model                                                          

  First and second generation adamante-based dendrons/ibuprofen                                                                                                The ibuprofen-capped dendrons by themselves are the drugs\         LPS-activated mΦ                      [@b50-ijn-13-5511]
                                                                                                                                                               Tested in vitro                                                                                          

  First generation phosphorus- based dendrimer/azabisphosphonate groups                                Size: ≈ 3 nm\                                           The azabisphosphonate-capped dendrimer by itself is the drug\      Monocytes of the peripheral blood     [@b53-ijn-13-5511]--[@b55-ijn-13-5511]
                                                                                                       ζ potential: −55 mV MW: 5,817 Da                        Tested in vivo in mouse models of inflammatory diseases                                                  

  Polystyrene (PS) nano- diamond (ND) poly(lactic- co-glycolic acid) (PLGA) NP/carboxylate functions   ζ potential: −45 mV; MW: 10--250 kDa size: ≈ 270 nm;\   The carboxylate-capped ENS by itself is the drug\                  Monocytes of the peripheral blood     [@b61-ijn-13-5511]
                                                                                                       ζ potential: −50 mV\                                    Tested in vivo in mouse models of inflammatory diseases                                                  
                                                                                                       ζ potential: −40 mV; MW: 5--50 kDa                                                                                                                               
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** CS, chitosan; ENS, engineered nanosystem; mΦ, macrophage; MW, molecular weight; NP, nanoparticle.

###### 

Origin of tissue-resident macrophages

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Origin                             Tissue             Macrophages                                Main functions
  ---------------------------------- ------------------ ------------------------------------------ ------------------------------------------------------------------------
  Exclusively yolk sac-derived       Brain parenchyma   Microglia                                  Brain development and homeostasis Synaptic remodeling\
                                                                                                   Immuno-surveillance

  Yolk sac-derived + embryonic HSC   Epidermis          Langerhans cells                           Immuno-surveillance, tolerance induction

  Embryonic HSC                      Liver              Kupffer cells                              Red blood cells recycling

  Embryonic HSC                      Lung               Alveolar mΦ                                Withdrawal of dust, allergens, and pathogens; removal of surfactant

  Embryonic HSC                      Kidney             Kidney mΦ                                  Immuno-surveillance

  Embryonic HSC                      Spleen             Red pulp mΦ                                Red blood cells recycling

  Embryonic HSC + adult HSC          Heart              Cardiac mΦ                                 Homeostasis

  Embryonic HSC + adult HSC          Pancreas           Pancreatic mΦ                              Pancreas development

  Adult HSC                          Gut                Intestinal mΦ                              Immuno-surveillance, tolerance induction, protection against pathogens

  Adult HSC                          Dermis             Dermal mΦ                                  Immuno-surveillance

  Adult HSC                          Blood              Ly6C^low^ monocytes Ly6C^high^ monocytes   Patrolling monocyte-derived mΦ
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:** Only macrophages whose origin has been identified without much controversy are listed in this table.

**Abbreviations:** mΦ, macrophage; HSC, hematopoietic stem cell.
